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each other, with response peaks occurring in beam seas. This is true
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would tend to make the full-scale responses very sensitive to the par-
ticular frequency distribution of the wave spectral energy existing
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ABSTRACT

Seakeeping experiments were conducted to evaluate the Sea
State 3 capabilities of a roll-on/roll-off (RO/RO) ship offshore
off-loading system intended for use in the logistical support of
operations over beaches without developed port facilities. Two
systems were tested to model the assembly and execution stages of
the off-loading operation. The assembly stage consisted of a
RO/RO ship to which was moored c causeway platform facility com-
posed of six causeway'sections; the latter were moored in a con-
figuration of two connected end-to-end by three abreast. The
second stage modeled the complete setup used for off-loading
operations. It employed, in addition to the above platform, a
causeway ferry consisting of three pontoon sections in single
file connected to the-aft end of the platform, and a ramp in-
stalled from the ship to the platform. Measurements were made of
the following in regular and random waveb at several speeds and
headings: I) absolute motions of the RO/RO ship, one platform
section, and one section of the 'causeway ferry; ii) relative,
vertical displacement between the ship and platform, and; iii)
relative angular displacements at the ramp ends and between indi-
vidual causeway sections. Analysis of regular wave data yielded
transfer functions of system responses. Values of significant
double amplitude responses were determined from random wave data
to investigate system performance in a realistic sea state. A
significant result is that bead and head sea headings cause the
excitation of two distinct modes of response. Specifically,
angular displacements about longitudinal axes of the platform/
causeway ferry system, as a group; demonstrate responses which
are similar to each other, with response peaks occurring in beam
seas. This is true also of angular responses about the trans-
verse axes in head seas. In general, there is a large shift in
the transfer function peaks of angular responses about the longi-
tudinal axes from high to low encounter frequencies when the ramp
and causeway ferry are added. This would tend to make the full-
scale responses very sensitive to the particular frequency dis-
tribution of the wave spectral energy existing during actual
off-loading operations.
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( ADMINISTRATIVE INFORMATION

The seakesping model experiments conducted are an integrxal part of the

Naval Sea Systems Command (N&VXB#) program to develop new technology that will

enable all U.S. Flag 194f4O-vetoe*l to be safely off-loaded offshore In rough

seas (Sea State 3 conditions - 5 ft significant wave height)* This task to an

element of the Fleet Logistic.s Readiness TAchnology Program, P ograe Element

62760N, Sub Project SF 60-531. The Program Manager is MAVSE 05R12. Technical

program development and management were provided by the d Taylor Naval Ship

Research and Development Center (DTNSRDC) Mobile Su t Systems Office, Code

125, Task Area SF60531001 and400,

INTRODUCTION

>-1The offshore off-loading system currently under investigation employs stan-

dard Navy causeway sections which would be transported to the off-loading site

on ships. " A platform "Capable -of *supporting the 'lower, end of an off-loading ramp

would be assembled by interconnecting several causeway sections and mooring them

to the ship. Vehicles would be driven from the ship onto the platfotm via the

ramp. Self-propelled causeway ferries consisting of several other standard sec-

tions driven bye& powered causeway section would then ferry the equipment from

the platform to the beach.

Seakeeping dynamics of the causeway platform and the cas e rry have

been investigated previously and are documented in References 1 and 2 *•The

experiment described in this report was conducts,' in the Maneuvering and

SeakeepigFaility at the David Taylor Naval Ship Research and Development

Center (DTNSRDC . In thWs experiment, notions were measured at. wseveral headings

and speeds in regular and random waves for two model configurations.. The first

configuration consisted of a self-sustaining RO/RO ship with the form moored

aft; the second configuration Included, in addition to the at . the off-

loading ramp from the ship to the platform and a cagsen8ay ferry connected to the

aft end of the platform. Transfer functions fre analysis of regular wave

*References are listed on page N.7

2i
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data and significant double amplitudes of the motions of the model system in

random waves are presented and discussed in this report.

DESCRIPTION OF THE MODEL SYSTEM AND INERTIAL CHARtACTERISTICS

The full-scale causeway sections planned for use ir. RO/RO off-loading

operations are stock Navy items composed of standard Navy Lighter (NL) flotation

cans. These watertight cans are constructed of 3/16 in. (4.76 ma) thick plate

steel with internal reinforcing ribs. Standard cans (as opposed to the bow/

stern modules) have planform dimensions of 5 ft by 7 ft (1.52 a by 2.13 a) and a

depth of 5 ft (1.52 a). The bow/stern units are not rectangular in cross aeu-

tion, but have one inclined side and planform dimensions of 7 ft by 7 ft (2.13 a

by 2.13 m). In the assembled barges, the inclined side faces outward toward the

bow or stern to aid in movement through the water. These steel cans are bolted

together along steel angle sections and may be assembled to form various sizes

of causeway sections. A 3 by 15 can arrangement, which forms an individual pon-

toon 21 ft (6.40 a) wide by 90 ft (27.43 m) long, is used in the proposed O/RO

off-loading system.

The mlels used were constructed for previous experiments of 1/4 in.

(6.35 am) plywood on wooden frames to a scale of 1/15 as shown in Fligure 1.

No attempt was made in the construction of the models to duplicate the spaces

between the individual cans since it was decided that this would not influence

model motions significantly and the cost of constructing new models was far

beyond the experiment's budget. The models for the standard and powered pon-

toons were of identical construction. Differences in mass and inertial charac-

teriftics were provided during the ballasting operation. Mass and inertial

e.haracteristics were adjusted to model the full-scale values by addition of

ballast weight. By swinging each model as a compound pendulum and moving the

ballast weights to change the periods of oscillation, the moments of inertia of

the models were adjusted through an iterative process to correctly scaled

values. For this experiment, all pontoons but one were ballasted to simulate

standard unloaded causeway sections; the exception was ballasted to represent a

powered causeway section. Inertial characteristics are listed in Table 1.

3
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p. At a scale ratio of 15, the RO/M ship model would have been on the order

of 50 ft (15.24 a) in length. Since a model of this size did- not exist at

DTNSRDC and would have been prohibitively expensive to build, the largest RO/RO

model available was used instead. This was a 30.6 ft (9.33 m) long RO/RO ship

model with a beam of 43.9 in. (1.12 a). Even though this was smaller than

ideal, it nonetheless represents (at a scale ratio of 15) a ship length of 459

ft (139.9 i), which is still a reasonable size for a ship. Nominal values for

the inertial characteristics of the ship were estimated from actual stability

calculation forms for a Ponce de Leon class RO/RO ship in a partially loaded

condition. The model was ballasted to be dynamically similar to the 700 ft

(213 m) ship at a displacement of 17,801 long tons (L-T) (18,087 tonnes) by

oscillation as a bifilar pendulum and adjusting ballast weight locations to

obtain the moments of inertia shown in Table 1 (i.e., radii of gyration/length

and mass/length3 ratios were the same as for the Ponce de Leon class ship).

The ramp model was constructed as a simple wooden frame, shown in Figure 2,

and ballast was added to produce realistic inertisl characteristics. In this

case, due to the simplicity of the ramp model, the required locations of the

* ballast were determined analytically rather than by oscillation. Since a varie-

ty of different ramps may be used during actual off-loading operations, the

length and mass of a representative specimen were used and nominal values for

the moments of inertia were computed by assuming that the ýamp could be approxi-

mated as a homogeneous rectangular bar of the same overall dimensions as the

specimen; that is, as a rectangular prism with dimensions of 5 ft deep x 24 ft

• .' wide x 110 ft long (1.5 m x 7.3 m x 33.5 m) and a weight of 171 L-T

(174 tonnes).

In full-scale off-loading operations, the causeway sections are connected

to each other along their sides and ends by steel and rubber composite connec-

tors called flexors. These flexors allow the required amount of rotational

freedom while maintaining the correct spacing between sections. For this inves-

tigation, no attempt was made to model the rigidity of the flexors; ordinary

door hinges were used instead.

Experiments were conducted with two model variations to investigate dif-

ferent phases in the RO/RO off-loading operation. The first, Configuration 1,

represented the assembly phase and consisted of only the Causeway Platform

4



facility (CPF) moored aft of the RO/RO model. The CPF consisted of six standard

causerws sections connected two long by three abreast. A photograph of this

configuration and a dimensioned sketch are shown in Figures 3 and 4, respec-

tively. The standoff moor shown was adjusted for a full scale spacing of 40 ft

(12.2 a) between the ship and CPO. This closely approximates the moorirg

arrangement used in off-loading a RO/Ro ship with a stern type off-loading ramp

(e.g. a ship such as MV CYGNUS).

The other arrangement tested, Configuration 2, included In addition to the

above setup, an off-loading ramp resting on the platform and a causeway ferry

consisting of I powered and 2 standard causeway sections. The powered causeway

section was stern-connected to the OPFi A photograph of Configuration 2 and a

dimens'Loned sketch are shown in Figures 5 and 6, respectively. The upper ramp

end was hinged to the stern of the ship with the lower end resting on the CFF.

Although free to slide, adequate restraint was provided by the ramp to maintain

alignment of the ship and CPF for the conditions tested. The point of contact

of the lower end was near the transverse junction of the CPF.

INSTRUMENTATION AND DATA COLLECTION

The system of coordinate axes chosen for the model experiment was a stan-

dard right-handed system with directions of the positive x, y, and z axes being

forward, starboard, and downward, respectively. Measured quantities consisted

of absolute and relative linear and angular displacements. Linear displacements

were measured with ultrasonic transducers. Pitch and roll of the RO/RO ship

and selected sections of the CPF and causeway ferry were measured with vertical

plane gyroscopes. Relative angular displacements at hinged junctions between

the causeway sections and at the ends of the off-loading ramp were measured with

potentiometers. Locations of all transducers mounted on the model are shown in

Figure 7. Definitions of the specific msasurements and the channel abbrevia-

tions are presented in Table 2.

Ultrasonic transducers were used to measure wave height, heave of the RO/10

ship, and the relative vertical displacement between the stern of the ship and

bow of the CPF. For wave height, ultrasonic transducers mounted on the towing
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carriage gave a direct mesurement of the distance to the water surface. Two
transducers were required to measure heave of the RO/RO. One wat mounted near

the bow of the ship and the other near the stern. both were aimed vertically at

reflecting targets mounted on the carriage above. By specifying the geometric

location of each, an algorithm in the data processing computer program combined
the output of both transducers to yield heave at the center of gravity (CG) of

the RO/RO ship. Relative vertical displacement between the stern of the ship

and the CPF was obtained with an ultrasonic transducer attached to a boom aft

of the stern of the ship and aimed toward the deck of the CPF. By a procedure

analogous to that used to determine heave, the computer program in the post-test

analysis accounted for heave and pitch of the RO/RO and the overhang distance of

• .the transducer to calculate a corrected value of relative vertical displacement.

% , Vertical plane gyroscopes were mounted on the O/RO ship, the center-

"forward causeway section of the CPF, and the section of the causeway ferry con-

nected to the CPF. These measured the absolute angular displacements in pitch

% and roll of the models on which they were mounted.

Relative angle potentiometers were used to measure angular displacements

between pontoon sections and at the ramp ends. Each transducer consisted of a

high resolution potentiometer mounted on a bracket so that the axis of the po-

tentiometer shaft coincided with a hinge axis. One end of a lightweight high
i tensile strength aluminum tube was attached perpendicularly to the potentiometer

shaft and the other end was held by an elastic band against the adjacent pontoon

or ramp surface. For angular measurements at longitudinal junctions of the CPF,

the length of the tube was limited to 1.5 ft (0.457 m). For all other loca-

tions, the tubes were approximately 3 ft (0.914 m) long. By having a lever arm

, of this length, the effect on the relative angle measurement due to minor verti-

cal play which existed in the hinges and also at the lower ramp end became in-

significant. The polarity ol relative angular displacement was chosen so that

an angle between two adjacent surfaces which tended to form them into the shape

of a V was positive.

Data collection and analysis were performed during the test with a Perkin

Elmer Model 7/16 minicomputer. Pertinent statistical values and calculated re-

sults were provided after each run to yield valuable feedback for test plan op-

timization during the experiment. Prior to digital processing, signals from all

6



of the transducers were paseed through 6 pole butterworth low pass filters which

provided an attenuation of 3dB at a frequency of 5 Has These filters prevented

aliasing and eliminated high frequency noise on the data signals. Data ware

recorded at a sample rats of 30 samples per second for each channel and stored

on magnetic tape in both digital and unfiltered analog form for future uses

OVERVIEW OF TEST PROGRAM

The model test was designed to evaluate the performance capabilities of a
RO/RO ship off-loading system in a State 3 Sea. This involved conducting regu-

lar wave runs for a range of wave frequencies to determine motion transfer func-
tions (TF'a) and the frequencies causing the greatest excitation of the various

system motions. Model motions were also measured in random waves to determine

responses in a realistic seaway.

When waves of moderate slope are used, system responses are approximately

linear. Tn this usage, linearity refers to conditions where the motion responses

are proportional to wave amplitude or wave slope. In thellinear range, nondi-

mensional\ \transfer functions at a given frequency are relatively invariant with

small changes in wave amplitude or wave slope. Transfer functions tend to show

the sensitivity of the various system responses as a function of encounter fre-

quency, and therefore, can be used to make comparisons of system responses among
various combinations of current, heading, and wave frequency.

Transfer functions are nondimensional system responses per unit wave ampli-

tude or wave slope as a function of encounter frequency and are defined aS

follows:

transfer function for angular response - amlitude of angular reagongemaximum wave slope

transfer function for displacement response -amplitude of displacement response
wave amplitude
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wvhere i

wave amplitude - a - 1/2

maximum wave elope - wU/

H - double amplitude of wave or wave height

X - wavelength

To determine TF's in regular waves, waves of approximately sinusoidal pro-

file were generated so that only one frequency component of excitation was pres-

ent. Harmonic analyses of the data were performed to determine the amplitude

and frequency of the fundamental harmonic and its ratio to the measured sofnal.

All runs were checked to ensure that the energy content of the fundamental her-

inonic was a sufficiently high percentage of the total wave energy based upon the

standard deviation (i.e. to mks sure the waves were sufficiently sinusoidal).

lrregular waves approximating a Pierson-Hoskowitz spectrum with a full

scale significant wave height of 5 ft (1.52 a) and a modal period of 6.2 seconds

were generated to model a realistic seaway. Conditions with swell superimposed

on an irregular seaway are of practical importance end were also generated. For

these, a regular wave frequency which produced a large excitation of some system

component was chosen from plots of transfer functions and combined with the

Pierson-Moskowitz spectrum to provide significant wave heights of about 5 ft

(1.52 m). Directions of the swell and irregular waves were the same.

Run length times for random wave runs were approximately 10 minutes model

scale which is equivalent to about 40 minutes full scale. This umount of data

was required to ensure sufficiently high confidence in the statistical analyies.

The data channels ware sampled, and the values processed to obtain mean values,

standard deviations (RMS about the mean), and significant double amplitudes

(average of the highest one-third double amplitudes) of the system motions.
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PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS

During the model experiments in head and quartering waves, the RO/RO

ship and off-loading system were moored to the towing carriage by a steel cable

attached to the bow of the RO/RO ship. This arrangement was used to simulate

the anchor chain of the full scale ship to provide the most realistic motion

responses possible. When being towed to simulate an offshore ocean current, the

model system was free to wing and could therefore reach an equilibrium heading

with respect to wave and current induced forces. The relationships between the

current and wave directions and the model orientation for head and quartering

waves are shown in Figures 8 and 9. For head seas, since there was myometry of

side forces from the waves, the heading of the model deviated very little from

180 degrees (head seas). In quartering waves, if the model system had remained

parallel to the current, the heading with respect to the waves would have been

135 degrees. Wave forces, however, ware large enough at this heading to cause

the model system to swing by as much as 30 degrees from a bow into the current

* heading as shown in Figure 9. The heading changes decreased as current speed

'I increased, but the effect of waves on heading was considerable; even at the

highest speed tested. Except for the heave transducers, this caused no major

problems with the test instrumentation. The change in heading with respect to

the carriage was enough to move the ultrasonic transducers out of alignment with

the overhead targets. Therefore, heave could be measured only In head seas.

Relative heading between the waves and the model in beam seas is shown in

Figure 10. Baced on the quartering sea results, the model system was restrained

by lines to maintain the correct heading. These lines remained loose enough to

have little apparent influence on the system motions.

-2 STATIC OFFSETS

Periodically throughout the model test, zeros of the measurement trans-

ducers were checked. A record of static offsets was maintained and could be

referenced to indicate and correct any unwarranted changes in the model system;

e.g., a leak which may have altered the trim and draft of one of the causeway
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"sections. For values such as pitch and roll of the RO/RO ship and the angles

"the ends of the off-loading ramp, the transducer voltage outputs were set

.o zero (or zeroed) as the model system lay in equilibrium in calm water. Por

angular measurements on the causeway sections, ballast weights were applied to

level the models and the transducers were zeroed* In the case of pitch and roll

of the CPF and causeway ferry, ballast was applied until the decks were level

and then the outputs of the vertical plane gyros were zeroed. For relative

angles between adjacent causeway sections, ballast weight was applied until the

decks were coplanar and then the relative angle transducer was zeroed. When all

ballast used for the zeroing procedures was removed and the system was allowed

to reach equilibrium, static values of heel, trim, and relative angles were

recorded. Table 3 lists values of these angles, obtained from averaging the

* results of several zero runs, for both model configurations. All subsequent

* experiments were conducted without the zeroing weights in place.

REGULAR WAVE RESULTS

Transfer functions, determined from regular wave runs, are shown in Figures

11 through 26. An attempt has been made to present these results in the most

advantageous order possible for ease of study and visualization of trends. Each

page has plots for all three headings tested and results for the two €onfigura-

tions are shown on opposing pages. Also, an attempt has been made to organize

* the discussion to include groups of channels which exhibit similar response

trends. In general, there were two main groups - angular responses about axes

parallel to the longitudinal axis (X-axis), and angular responses about axes

parallel to the transverse direction (Y-axis). The first group includes roll of

the RO/RO ship, CPF, and causeway ferry, and the relative angular displacements

about the longitudinal axes of the CPF, designated as CPF RAI and CPF RA2. The

second group includes pitch of the RO/RO ship, CPF, and causeway ferry, and rel-

ative angular displacements about transverse axes of the CPF and causeway ferry.

A detailed definition of each channel abbreviation in given in Table 2 and a

sketch showing the transducer locations is shown in Figure 7.
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Consider first roll transfer functions for Configuration 1. In beam seas,

this TF for the RO/RO, shown in Figure 11, does not exhibit a peak, but increas-

es steadily wuith wavelength (decreasing encounter frequency) to a maximum value

of about 7.3 for the longest wavelength generated which was approximately equal

to the length of the ship. This shows that the roll amplitude of the RO/RO ship

was 7.3 times greater than the maximum wave slope at this encounter frequency.

For the wavelength to wave height ratios generated (A/H), which had nominal

values of approximately 100, the maximum wave slope would be 1.8 degrees. This

would give a maximum RO/RO roll amplitude of over 13 degrees for this particular

wavelength and wave height. The maximum value of the RO/RO ship roll TF in bow

quartering seas is only slightly less at a value of 5.8. Based on this informa-

tion and also on observations made during the test, these conditions would be

critical for off-loading operations.

Transfer functions for roll of the CPF and the relative angular displace-

ments at the port and starboard junctions (CPF roll, CPF RAI, and CPF RA2,

respectively) are shown in Figures 12, 13, and 14, respectively, and are quite

• "similar to each other. In beam seas, without the ramp, each has a minor peak at

an encounter frequency of 0.85 rps (X 0 270 ft - 82 m) and a second peak several

times larger at an encounter frequency of 1.5 rps (X w 90 ft - 27 m, which is

the causeway section length). The maximum value of these TF's for CPF RAl and

CPF RA2 is about 1.5 times larger than for the CPF roll TF. As would be expec-

* ted, the TF of the relative angular displacement was slightly larger for the

starboard junction, CPF RA2, (which was on the side of the CPF toward the incom-

ing wave) than for the port junction, CPF RAI. Magnitudes of these TF's at

* headings other than beam seas were small at all frequencies tested.

"With the off-loading ramp installed (Configuration 2), the roll motions of

all segments of the model system are coupled (i.e. the RO/RO ship and CPF inter-

react with each other through the ramp). For Configuration 2, -there is a great

deal of similarity between the TF's of roll of the RO/RO ship, roll of the CPF,

CPF RAl, and CPF RA2. All of these exhibit peak values in beam seas at an

encounter frequency of about 0.75 rps which corresponds to a wavelength of 360

ft (110 m). This indicates that the roll of the CPF, CPF RAl, and GPF RA2 are

*, being driven by the roll motion of the RO/RO ship which exhibits response peaks

in roll near this frequency for both configurations. The maximum value for the
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roll TF of the RO/RO ship is reduced by a considerable amount with the ramp in

place. The other TF's for angular motions of the OF are reduced slightly.

The pitch TF of the RO/RO ship is shown in Figure 15. With maximum values

of 0.5 in quartering waves and 0.8 in head waves, pitch motions of the ship will

be minor. Presence of the ramp results in no significant change in pitch of the

RO/RO.

Transfer functions for pitch of the CPF and for the relative angular dis-

placement at the transverse junction of the CPF (CPF RA3) are very similar to

• each other as shown in Figures 16 and 17. Both demonstrate peaks at the same

"values of encounter frequency for the same headings, although the magnitude of

the TF for CPF RA3 is about 1.5 times larger than for pitch of the CPF.

The transfer function for relative vertical displacement (RVD) between the

ship and CPF is shown in Figure 18. In beam seas, this TF demonstrates the same

"* trends with respect to frequency as does the roll TF of the CPF in beam seas for

Configuration 1 (Figure 12A), although the magnitude of the RVD TF is much owl-

ler. For Configuration 1, the TF for RVD at the beam sea heading reaches a peak

value of 1.0 at a wavelength of 90 ft (27 m). With the ramp installed (Configu-

ration 2),. the peak still occurs at the same wavelength, but its magnitude is

increased to 1.35. In head and quartering waves, the TF for RVD bears little

* resemblance to any of the other transfer functions. This is reasonable since

the RVD is a combination of many other motions. Maximum values of this TF in

-* head and quartering waves without the ramp installed (Configuration 1) are

approximately 2.75. For Configuration 2, the maximum value is decreased to 2.0

in quartering waves, while in head seas, there is no appreciable decrease in

magnitude due to presence of the ramp.

- The heave transfer function for the RO/RO ship is shown in Figure 19 for

head seas only. The maximum value is approximately 0.6 and there are no signif-

icant differences between the two configurations.

For all practical purposes, the roll transfer function of the causeway

ferry, shown in Figure 20, is identical to the roll TF of the CPF in Configura-

tion 2 (cf. Figure 12B). This is due to the fact that the CPF and causeway

ferry were constrained against relative angular displacements about the longitu-

dinal axis by the hinged connection (which had a transverse axis) between them.
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Pitch responses for the causeway ferry, shown in Figure 21, are very simi-

lar to those of the CPF. At all headings, the response peaks, of pitch for the

causeway ferry and CPF when the ramp is installed (Configuration 2) occur near

the same frequencies. In quartering waves, the magnitudes of the response peaks

are approximately equal. In head seas, the magnitude of the peak is slightly

higher for the pitch TF of the causeway ferry than for that of the CPF.

Transfer functions for the relative angular displacements at the junctions

of the causeway ferry are shown in Figures 22, 23, and 24. All are very similar

* to one another and to the TF's of CPF pitch and .CPF RA3. In quartering waves,

all three exhibit peaks at frequencies of encounter slightly greater than 1.0

rps which corresponds to a wavelength approximately twice the causeway section

length% For head sea conditions the peaks occur at encounter frequencies near

0.9 rps (A w 270 ft - 82 m). Relative angular responses of the causeway ferry

in quartering seas are close in magnitude to those of CPF RA3 throughout the

range of frequencies tested. In head seas, the magnitudes are slightly greater

- than for CPF RA3.

Relative angular displacement TF's at the ends of the ramp are shown in

* Figures 25 and 26. At the upper end of the ramp, this TF increases steadily

with wavelength to a maximum of about 2.9 in head seas at an encounter frequency

of 0.75 rps (X - 359 ft - 110 m). The TF for relative angle at the bottom end

. of the ramp is much lower with maximum values of about 0.9 and 1.5 for quar-

tering and head waves respectively.

RANDOM WAVE RESULTS WITHOUT SWELL SUPERIMPOSED

Random long-crested waves with energy distributed over a wide range of fre-

"quencies were generated to model a realistic sea state. An approximation of a

* Pierson-Moskowitz spectrum with a full scale significant wave height (W1/3) of 5

ft (1.52 m) and a modal period of 6.2 seconds was generated. This approximates

a Sea State 3 (SS3) condition and a typical example of the spectral energy dis-

tribution is shown in Figure 27. The actual spectra obtained, however, vary

somewhat from run to run. Data presented in this section are significant values

(average of the highest one-third double amplitudes) of the measured responses.
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All data have been normalized by multiplying by the ratio of the nominal signif-

icant wave height 5 ft (1.52 a) to the significant wave height actually

obtained.

As shown in Figure 28, the significant roll of the RO/RO ship actually in-

A creased slightly with the ramp installed (Configuration 2). At a heading of 90

degrees, the significant roll was about 3.6 degrees for Configuration I and 5.3

degrees for Configuration 2. This can be explained by studying the roll trans-

fer function of the RO/I.O ship in figure 11 and considering the wave energy

*. distribution shown in Figure 27. Peak wave energy occurred at frequencies of

about 1.1 rps. Although the peak of the roll TF of the RO/RO ship is dimin-

ished with the ramp in place, the new peak shifted toward higher frequencies at

which 4 higher percentage of the total energy existed in the irregular wave

spectrum. For Configuration 2, the sensitivity of the roll of the RO/RO ship to

actually increased at the frequencies at which most of the energy existed in the

"State 3 Seas generated during the test.

-*• Conversely, significant values of roll of the CPF, tPF RAI, and CPF RA2,

shown in Figures 29, 30, and 31, are decreased for Configuration 2 in beam seas

where these responses are more pronounced. This is explained by the fact that

addition of the ramp shifts the response peaks of these motions to lower wave

frequencies (as can be seen in Figures 12 through 14) where a lower percentage

of the total energy was present during the S53 conditions. Significant angular

response for CPF RA2 (the starboard longitudinal junction), which was on the

side facing the incoming waves, was considerably larger than for CPF RAl (the

port longitudinal junction) - especially for Configuration 2.

Significant pitch of the 10O/RO ship, shown in Figure 32, is essentially

".* constant for all combinations of speed and heading for both configurations.

Reasons why pitch in beam seas is as large as at the other two headings are not

apparent, but may be due to coupling of pitch with roll through heave. In any

case, pitch motions of the RO/RO ship are small and should cause no problems.

Significant values of pitch of the CPF and relative angular displacements

at the transverse junction of the CPF (CPF RA3) are shown in Figures 33 and 34.

Both of these exhibit similar trends although significant values of CPF RA3 are
"4".

somewhat larger than those of pitch. This result is consistent with the TF's
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for these two motions as can be seen in Figures 16 and 17. Also, presence of

the ramp tends to increase the significant values of both of these, with a

larger change for CPF RA3.

Relative vertical displacement between the RO/RO ship and the CPF (RVD) for

Configuration 2 shows only a slight increase in quartering seas over the results

for Configuration 1, as indicated in Figure 35. Considering trends with respect

to heading, there is a close resemblance between significant values of RVD and

pitch of the CPF. Although it is not obvious from studying the TFIs, this indi-

cates that a predominant factor influencing RVD is pitch of the CPF.

Significant heave of the RO/RO ship is shown in Figure 36 for head seas

only. There is inconsequential change due either to speed or presence of the

ramp, and with significant values of less than 1.0 ft (0.30 i), there should be

no problems due to this motion in SS3. Visual observations made during the test

indicate this to be true at the other headings as well.

Significant roll of the causeway ferry, shown in Figure 37, Is almost iden-

* tical to significant roll of the CPF. A maximum value of 5.3 degrees occurs in

beam seas. Any difference between roll values of the CPF and causeway ferry Is

due to torsional flexing of the models. Since no attempt was made to scale the

torsional stiffness of the models or their connectors, these differences in roll

cannot be applied to indicate full scale behavior.

Significant values of pitch of the causeway ferry and relative angular

displacements at its junctions are shown in Figures 38 through 41. Trends were

similar for all of these motions. All show the same changes with respect to

. heading, but relative angular motions at the junctions are about 1.5 times

' larger than the pitch of the causeway ferry. Significant responses of pitch of

the CPF and causeway ferry are almost identical, as are the values of the sig-

nificant relative angular motions at the causeway ferry junctinne and CPF 3L3.

Figures 42 and 43 show the significant relative angular motions at the

upper and lower ramp ends, respectively. Significant angular response at the

upper end is fairly low with a maximum value of 2.7 degrees in quartering seas,

and varies only slightly with heading. At the lower end, the significant values

of angular displacement are almost identical to significant pitch of the CPF,

and have magnitudes approximately twice as large as the relative angles measured

at the ramp's upper end.
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SUMMARY AND CONCLUSIONS

Ixperiments were conducted in regular and random waves to investigate the

Sea State 3 operational capabilities of a RO/RO ship off-loading system intended

for use in support of operations where no port facilities exist. A Causeway

Platform Facility (CPF) consisting of six causeway sections connected in two

rows by three abreast was moored aft of the stern of a RO/RO ship model. This

entire system wee towed by a line from the ship's bow to simulate anchorage in

a current. Current speeds of 0, 2, and 4 knots were evaluated in head, quar-

taring, and beam waves for two different configurations. The first configura-

tion consisted of the PRWRO ship with ouly the CPF moored aft. The second

included, in addition to the CPF, an off-loading ramp from the ship to the CPF

and a causeway ferry composed of three causeway sections connected in single

., file aft of the CPF.

Regular wave conditions were generated to define the nondimensional trans-

fer functions (TF's) of the various system responses and the wave frequencies

causing the greatest excitations. In general, angular displacements of the

CPF/causeway ferry system about parallel axes exhibit quite similar response

trends. There are two groups of parallel axes which consist of the axes paral-

lel to the X-coordinate axis and those parallel to the Y-coordinate axis. The

group of mo'ions about axes parallel to the X-axis (the longitudinal group) is

comprised of CPF RAI, CPF RA2, and roll of the RO/RO ship, CPF, and causeway

ferry. The other group of motions, about axes parallel to the Y-axis (the

transverse group), is comprised of CPF RA3, relative angular displacements

about the junctions of the causeway ferry, and pitch of the RO/RO ship, CPF, and

causeway ferry. Since the CPF and causeway ferry are constrained against rela-

tive angular displacements about the longitudinal axis, their roll transfer

functions are forced to be similar. As would be expected, the largest excita-

tion of angular responses about the longitudinal axes occurs in beam waves, but

*• a more significant trend is the shift in the peaks of the corresponding TF's at

this heading from approximately 1.5 rps to 0.75 rps when the causeway ferry and

,. off-loading ramp are installed. Likewise, TF's of angular responses about

*• transverse axes exhibit similar trends, but are not significantly influenced by

* the presence of the off-loading ramp. The greatest excitation to responses
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about the transverse axes occurs in head and quartering waves, with TF's for

both of these headings being approximately equal, The Relative Vertical Dis-

placement (RVD) TF demonstrates characteristics which bear the closest simi-

larity to that mode of angular motion which is being excited the most at the

corresponding heading.

In random waves, it was observed that significant values of the notiois of

all components of the model system depend to a large extent on how the addition

of the ramp and causeway ferry shifts the peaks of the TF's with respect to

the frequency of peak energy (modal frequency) of the irregular wave spectrum*

Since the TF's of angular responses about longitudinal axes were decreased at

the modal frequency (approximately 1.1 rps) by adding the ramp and causeway

ferry, the motions about these axes of the CPF were decreased considerably (as

can be seen in Figures 29, 30, and 31) in beam seas. Although quite low in both

head and quartering waves, there was little change in the significant values of

the angular responses about longitudinal axes due to the presence of the ramp

and causeway ferry (Configuration 2). Significant values of the angular respon-

ses about transverse axes were generally quite low in beam waves and reached a

peak at the quartering sea heading as is shown in Figures 33, 34, and 38 through

43. Presence of the ramp and causeway ferry caused only minor changes in the

TF's of the motions about the transverse axes, and likewise, there was essen-

tially no difference in the significant values for the two model configurations.

RVD, which is a very important motion, was lowest in beam waves. So, for

heading changes from head to beam in Sea State 3 conditions, RVD and angular

displacements about transverse axes decrease while angular motions about longi-

tudinal axes increase. Magnitudes of the angular displacements about longitudi-

nal axes are, in general, considerably larger than those about transverse axes.

Determination of which motions affect the off-loading operations least adversely

will help determine the best heading (e.g., whether pitch or roll motions pre-

sent the greater difficulty to progression of vehicles down the causeway ferry,

or whether pitch or relative roll causes the greater difficulty in docking the

causeway ferry to the CPF). The actual seaway and its modal frequency will also

influence the ratios of the motion magnitudes in the two response groups.

Results of swell superimposed on an irregular seaway are presented in

Appendix A. These results are very specialized because adding swell is
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equivalent to increasing the energy at one specific frequency. Here, special-
ized refers to the fact that each irregular wave/swell combination is unique

and results would, therefore, be applicable only to that specific condition.

Variation of the ratio of well energy to the total spectral energy allows the

generation of an unlimited number of unique seaways. Chances of ever encoun-

taring a specific condition again in full-scale operations are small. es,

for example, can be used in theory to determine any responses in the linear

range if the wave spectrum is known. The resultant shift in energy with respect

to the peaks of the TFi's will determine the effects on the individual motions.

For example, if the frequency of the swell is near a peak in the TF for a

specific motion (i.e., near a resonance point), the resultant increase in

excitation to that motion will be large. Alternatively, if the swell is at a

frequency where the TF for a specific motion is small, the resultant increase

in excitation to that motion will be proportionately lower. Therefore, the

specific spectral energy distribution for each test condition is presented since

it is imperative to know the actual seaway for which the results were measured.

Except for a few isolated occurrences, the decks of the causeway sections

experienced very little wetness. At low wave frequencies, severe roll of the

RO/RO ship was excited which could cause problems (i.e., rotl amplitudes of

about 7.5 degrees per degree of maximum wave slope for regular wave frequencies

of 0.65 rps). It appears as if roll and relative angles at the longitudinal

Junctions may be the limiting factors. Use of multipoint moorings or other

means of heading control would have advantages. For instance, if roll posed the

greatest threat to safe passage of vehicles, the ramp could be lowered in beam

waves where RVD is lowest and then the entire system could be rotated to a head

sea heading where roll and the significant longitudinal angular displacements

are lower.
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APPENDIX A

RANDOM WAVE RESULTS WITH SWELL SUPERIMPOSED

Since off-loading conditions with swell superimposed are of practical im-

portance, they were a requested part of the test plan. Results of the experi-

ments for these conditions have been placed in this Appendix because many of the

motion responses are essentially identical to the SS3 results presented pre-

viously. Only those plots which show a notable difference will be discussed.

When considering these results, there are several important facts which.

must be remembered. First, superimposing a swell frequency amounts only to

adding more energy to the spectrum at that frequency. Therefore, the modal

period of the nominal SS3 Pierson-Moskowitz spectrum is shifted. Depending on

how this alters the frequency distribution of energy with respect to the peaks

of the transfer functions will determine the effect on the various motions.

Some responses increase while others are reduced. Also, results of testing in

this type of seaway are extremely specific, i.e., since there are an infinite

number of unique spectra obtainable by superimposing varying amounts of energy

at one swell frequency, there are an infinite number of unique results possible.

For this reason, the plots of spectral energy distribution are included for each

different wave spectrum generated. These are shown in Figures A.1, A.2, and A.3

for swell frequencies of 0.865, 1.060, and 1.498 rps, full scale. The headings

and ramp configurations with which the various spectra were used are listed in

* Table A.1.

'." The superimposed swell frequencies were selected to be tke frequencies at

which large motion responses occurred in regular waves in some critical mode of

motion (such as RVD). The modal period of the SS3 Pierson-Moskowitz spectrum is

near 6.0 seconds which corresponds to a wave frequency of 1.05 rps. Considering

Figure 27, the swell frequencies were chosen to add energy to the seaway such

"that the modal period of the wave spectrum was shifted toward frequencies at
which peak values occur in the RVD TE's. For example, in beam seas, the peaks

of the TF's for RVD were near frequencies of 1.5 rps which is the frequency cho-

sen for the superimposed swell. In all cases, the significant wave height for

these modified sea states was adjusted to be approximately 5 ft (1.52 m).
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Significant pitch of the RO/RO, shown in Figure A.8, is not changed by

the addition of the swell component (compared to the SS3 results in Figure 32)

except In, bow quartering seas at zero speed with the ramp and causeway ferry

connected (Configuration 2). The reasons for this are not apparent. Although

* the swell added energy which nhifted the wave spectral energy toward frequencies

at which larger values occurred in the TF for pitch of the RO/RO ship, this was

also true for the same configuration in head seas, but no change occurred for

*. the latter.

Significant pitch of the CPF, relative angular displacement at the trans-

verse junction of the CPF (CPF RA3), and relative vertical displacement, shown

in Figures A.9 to A.11, increased with addition of swell in head and quartering

seas. 'This result corresponds to a shift in the zove spectral energy toward

higher values of the corresponding TFIs, and indicates the relationship of pitch

of the CPF to RVD and CPF RA3. There is also a similar increase in pitch of the

causeway ferry and ralative angular displacements at its Junctions - especially

in quartering seas.

',I
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TABLE 1 - FULL-SCALE CHARACTERISTICS

RO/RO Ship - Partially Loaded

Length Overall (LOA) 459.0 ft 139.9 m

Length Between Perpendiculars (LBP) 434.7 ft 132.5 m

Breadth Molded 54.8 ft 16.7 m

Displacement 5070.0 L-T 5151.4 tonnes

Longitudinal Center of Gravity (LCG) 224.5 ft 68.4 m
(Aft of Forward Perpendicular)

Vertical Center of Gravity (VCG) 19.3 ft 5.9 m
(Above Baseline)

Pitch Radius of Gyration (R yy) 0.249 x LOA

Roll Radius of Gyration (R XX) 0.347 x Beam
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* T,3 x 15 Causeway Section

Standard Powered

"Lnt"OealLA 90.0 ft 90.0 ft:
Legt veal LO)27.4 m 27.4m

DBean 21.0 ft210f
6.4 m 6.4 m

Drfl1.25 ft 1.65 ft
MeanDrf 0.38 m 0.50 M

Dipaeet129,870 lb 179,820 lb
•_. islaemnt58,908 kg 81,565 kg

.5

Tri 0.0 deg 1.6 deg

-"Longitudinal Center of Gravity (LCG) 2 45.0 ft 54.5 ft
-- 13.7 m 16.6 m

.',Transverse Center of Gravity 30.0 ft 0.0 ft

.5 .5f 26f

•-.Vertical Center of Gravity (VCG) 425ft26f
0.76 m 0.79 m

[.Pitch Radius of Gyration (R.y 0.267 x LOA 0.282 x LOA

SRoll Radius of Gyration (Rx 0.325 x Beam 0.334 x Beam

" 1u - Calculated
2 - Measured from the causeway section bow
3 - Measured from the causeway section centerline4 - Measured from the causeway section baseline

"a2 f.22

* -----------



TABLE 2 - CHANNEL ABBREVIATIONS

ABBREVIATION DESCRIPTION

Relative vertical displacement between the stern of
RVD the RO/RO Ship and the bow of the center-forward CPF

section

CPF ROLL Roll of the center-forward section of the CPF

CPF .PITCH Pitch of the center-forward section of the CPF

CPF RAl Relative angle at the port longitudinal junction
* of the CPF

CPF RA2 Relative angle at the starboard longitudinal junction
"of the CPF

CPF RA3 Relative angle at the transverse junction of the CPF

CF ROLL Roll. of the first (powered) section of the
causeway ferry

CF PITCH Pitch of the first (powered) section of the
* causeway ferry

CF RAl Relative angle at the junction between the CPF and
first (powered) section of the causeway ferry

CF RA2 Relative angle at the junction between the first
and second sections of the causeway ferry

"CF RA3 Relative angle at the junction between the second
and third sections of the causeway ferry

" RAMP RAI Relative angle between the off-loading ramp and
the RO/RO Ship

SRAMP RA2 Relative angle between the off-loading ramp and
the center-forward CPF section
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TABLE 3 - STATIC OFFSETS

CHANNEL CONFIGURATION 1 - Without CONFIGURATION 2 - With
Ramp and Causeway Ferry Ramp and Causeway Ferry

q

CPF ROLL 0.03 deg -0.26 deg

CPF PITCH 0.05 deg 0.66 deg

CPF RAI -0.05 deg 3.20 deg

CPF RA2 0.98 deg 3.30 deg

CPF RA3 0.39 deg 1.60 deg

"CF ROLL 0.10 deg

- CF PITCH -0.25 dog

CF RAl -1.02 dog

CF RA2 -0.07 dog

CF RA3 -0.17 deg

For Roll and Pitch - Positive angular displacements are defined by
the right-hand rule in the coordinate system described on page 5.
Relative angular displacements are positive which form adjacent
sections into the shape of a V.
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Figure 11 - Roll Transfer Functioon of the RO/RO Ship
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Figure 11 (Continued)
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Figure lIB - With Ramp and Causeway Ferry Connected
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Figure 12 - Roll Transfer Function of the CAuseway Platforu Facility
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Figure 12A - Without Ramp and Causeway Ferry Connected
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Figure 12 (Continued)
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Figure 13 - Transfer Function of the Relative Angular Displacement
at the Port Junction of the Causeway Platform Focility
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Figure 13A - Without Ramp and Causeway Ferry Connected
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Figure 13 (Continued)
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"Figure 14- Transfer Function of the Relative Angular Displacement
at the Starboard Junction of the Causeway Platform-Facility
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Figure 14A - Without Ramp and Causeway Ferry Connected
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Figure 14 (Continued)
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Figure 15 - Pitch Transfer Function of the RO/RO Ship
'4...

BEAM SEAS -a - V=Oknots
1.25-

Sleo-

0.75-

0.50.

0.25

0.25 0.50 0.75 ICC 1.21 1.50 1T7 2.00 2.25 2.50 2.75
1,50a- - I I -I I ,.A -

BOW QUARTERING SEAS - V = 0 knote
12b- ---- ....-- -- V - 2 knots

- 0-o - V=4knots

0 100-

0,5o

"0.25-

*0.00 , _A- -- 5--

025 0.50 0.75 1.00 1.25 1.50 1.75 2DO 2.25 2.1"., 2.75

1.50,

HEAD SEAS - a VO= 0 krlt

-. .a -V=2krs

S•-• o 4 V - inots

o: 1.00-

C)

Lu V 0.75-

0.25

0.05

0.25 050 075 1.00 1.25 1.50 -. 75 2.00 2M , 75
ENCOUNTER FREQUENCY (rdionssecond)

Figure 15A- Without Ramp and Causeway Ferry Connected
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Figure 15 (Continued)
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Figure 16 - Pitch Transfer Function of the Causeway Pltform Facility
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Figure 16A - Without Ramp and Causeway Ferry Connected
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Figure 16 (Continued)
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Figure 17 - Transfer Function of the lRlative Angular Displacement
at the Transverse Junction of the Causeway Platform Facility
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Figure 17A - Without Ramp and Causeway Ferry Connected
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q Figure 17 (Continued)
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Figure 18 - Transfer Function of the Relative Vertical Displacement Between
the Stern of the RO/RO Ship and the Causeway Platform Facility
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Figure 18 (Continued)
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Figure 19 - Heave Transfer Fuuctiou of the RO/AC Ship
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Figure 19 (Continued)
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Figure 27 - Irregular Wave Spectrum - Sea State 3

61

:.. ,(,,,, . .. .,,-. , -..- ,-, d-,, "".&!* .".- " ,"% . ".', ,'• ' ,"• " ,",' ,'•"•", '. ,.,,,-,- - . L -",... ,



Figure 28 - Significant Double Amplitude of Roll of the
RO/RO Sh.p in Sea State 3
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Figure 28A - Without Ramp and Causeway Ferry Connected
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Figure 28B - With Ramp and Causeway Ferry Connected
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Figure 29 - Significant Double Amplitude of Roll of the

Causeway Platform Facility in Sea State 3
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Figure 29B - With Ramp and Causeway Ferry Connected
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Figure 30 - Significant Double Amplitude of Relative Angular Displacement
at the Port Junction of the Causeway Platform Facility $n Sea State 3
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. Figure 31 - Significant Double Amplitude of Relative Angular Displacement
at the Starboard Junction of the Causeway Platform Facility in Sea State 3
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Figure 31B - With Ramp and Causeway Ferry Connected
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Figure 32 - SIPgif iCat Double Amplitude of Pitch of the
10/10 Ship In Sea State 3
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Figure 32B - With Ramp and Causeway Ferry Connected
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Figure 33 - Significant Double Amplitude of Pitch of the
Causeway Platform Facility in Sea State 3
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Figure 33A - Without Ramp and Causeway Ferry Connected
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Figure 33B - With Ramp and Causeway Ferry Connected
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Figure 34 - Significant Double Amplitude of ReJlative Angular Displacement

-* at the Transverse Junction of the Causeway Platform Fakcility in Sea State 3
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Figure 34B - With Ramp and Causeway Ferry Connected
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Figure 35 - Significant Double Amplitude of Relative Vertical Displacement
Between the RO/RO Ship and the Causeway Platform Facility in Sea State 3
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Figure 35B -With Ramp and Causeway Ferry Connected
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Figure 36 - Significant Double Mplitude of Heave
of the RO/RO Ship In Sea State 3
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Figure 36A - Without Ramp and Causeway Ferry Connected
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Figure 37 - Significant Double Amplitude of Roll

of the Causeway Ferry in Sea State 3
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Figure 38 - Significant Double Amplitude of Pitch
of the Causeway Ferry in Sea State 3
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Figure 39 - Significant Double Amplitude of Relative Angular Displacement
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and the Causewsy Ferry in Sea State 3
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Figure 40 - Significant Double Amplitude of Relative Angular Displacement
ý- :,he .Tinection Between the First and Second Sections

of ,,he Causeway Ferry in Sea State 3

9.0 - V=Oknots

-V = 2 knots

&0-

•7.0-

�*5.0-

4.0-

4.0-

2.0-

to-io o

awaom) (bow) Uwotl)
HEADING IN DEGREES

Figure 41 - Significant Doubl2 Amplitude of Relative Angular Displacement

at the Junction Between the Second and Third Sections
of the Causeway Ferry in Sea State 3
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Figure 42 - Signiitcant Double Amplitude of Relative Angular Displacement
at the Upper End of the Off-loading Ramp in Sea State 3
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Figure 43 - Significant Double Amplitude of Relative Angular Displacement
at the Lower End of the Off-loading Ramp in Sea State 3
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TABLE A.1 - CONFIGURATION/SWELL FREQUENCY COMBINATIONS TESTED

90 deg CONFIGURATION 1 we - 1.498 rps

135 deg w a - 0.865 rps

180 deg w - 0.865 rps

90 deg CONFIGURATION 2 w - 1.498 rps

135 deg w - 1.060 rps

180 deg w8 - 1.060 rps

*s

w are full scale values of the superimposed swell frequencies
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Figure A.1 - Irregular Wave Spectrum with Superimposed Swell
Frequency of 0.87 rad/mec - Used for 135 end 180

degree Headings for Configuration I
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degree Headings for Configuration 2
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Figure AA4 - Significant Double Amplitude of Roll of the
RRO/RO Ship in Sea State 3 with Swell Superimposed
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Figure A.4B - With Ramp and Causeway Ferry Connected
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Figure A.5 - Significant Double mplitude of Roll of the Causeway
Platform Facility in Sea State 3 with Swell Superimposed

"14.0- a - V=Oknots

13.0 - - V = 2 knots

M•o- o - V=4knots

11.0

0 707.0.

•4.0. 3 .0.

2.0-
A

0.010
go 106 d o 65 go 16 '40

(beam) (bow) Oveacl
HEADING IN DEGREES

Figure A.5A - Without Ramp and Causeway Ferry Connected
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Figure A.5B - With Ramp and Causeway Ferry Connected
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Figure A.6 - Significant Double mplitude of Relative Angular Displacement
at the Port Junction of the Causeway Platform Facility

in Sea State 3 with Swell Superimposed
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Figure A.6A - Without Ramp and Causeway Ferry Connected
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Figure A.61 - With Ramp and Causeway Ferry Connected
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Figure A.7 - Significant Double Amplitude of Relative Angular Displacement
at the Starboard Junction of the Causeway Platform Facility

in Sea State 3 with Swell Superimposed
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Figure A.7A - Without Ramp and Causeway Ferry Connected
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Figure A.7B - With Ramp and Causeway Ferry Connected
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Figure A.8 - Significant Double Amplitude of Pitch of the
ROM/R Ship in Sea State 3 with Swell Superimposed

a - V0Oknots
.V - V2 knots

3.0

2.5-

2.0,

S1.06

0.0
10 I&o 13516o I4 ISO

Obearv Uow) Ovead)HEADING IN DEGREE.S

Figure A.8A - Without Ramp and Causeway Ferry Connected

CIS- 13 - V=Oknots

"" - V=2krknts

0

3.0-

S2.5-

2.0-

0.5

0.05

00.00 110 435 4Oid

>ean'O :ow) O'*c
HEADING IN DEGREES

Figure A.8B With Ramp and Causeway Ferry Connected
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Figure A.9 - Sign.ficant Double Amplitude of Pitch-of the Causeway
Platform Facility in Sea State 3 with Swell Superimposed
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Figure A.9B - With Ramp and Causeway Ferry Connected
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Figure A.1O - Significant Double Amplitude of Relative Angular Displacement
at the Transverse Junction of the Causeway Platform Facility

,in Sea State 3 with Swell Superimposed
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Figure A.11 - Significant Double Amplitude of Relative Vertical Displacement
Between the RO/RO Ship and the Causeway Platform Facility

in Sea State 3 with Swell Superimposed
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Figure A.11B - With Ramp and Causeway Ferry Connected
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, Figure A.12 - Significant Double Amplitude of Heave of the
RO/RO Ship in Sea State 3 with Swell Superimposed
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Figure A.12B - With Ramp and Causeway Ferry Connected
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Causeway Ferry in Sea State 3 with Swell Superimposed

88

-'NM



V=Oknots

&- * - V=2knots

5.0.

3.5.• 4.0-

2.5

0.5

0.o do i 4' ,o'o

bearn) OtOw) OeacD
HEA4DING IN DEGREES

Figure A.14 - Significant Double Amplitude of Pitch of the
Causeway Ferry in Sea State 3 with Swell Superimposed
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"Figure A.15 - Significant Double Amplitude of Relative Angular Displacement
"at the Junction Between the Causeway Platform Facility and

Causeway Ferry in Sea State 3 with Swell Superimposed
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Figure A.16 - Significant Double Amplitude of Relative Angular Displacement
at the Junction Between the First and Second Sections of the

Causeway Ferry in Sea State 3 with Swell Superimposed
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Figure A.17 - Significant Double Amplitude of Relative Angular Displacement
at the Junction Between the Second and Third Sections of the

Causeway Ferry in Sea State 3 with Swell Superimposed
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Figure A.18 - Significant Double Amplitude of Relative Angular Displacement at
the Upper End of the Off-loading Ramp in Sea State 3 with Swell Superimposed
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"Figure A.19 - Significant Double Amplitude of Relative Angular Displacement at
the Lower End of the Off-loading Ramp in Sea State 3 with Swell Superimposed
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